Most of the properties of black holes can be mimicked by horizonless compact objects such as gravastars and boson stars. We show that these ultra-compact objects develop a strong ergoregion instability when rapidly spinning. Instability timescales can be of the order of 0.1 seconds to 1 week for objects with mass M = 1 − 10 6 M⊙ and angular momentum J > 0.4M 2 . This provides a strong indication that ultra-compact objects with large rotation are black holes. Explosive events due to ergoregion instability have a well-defined gravitational-wave signature. These events could be detected by next-generation gravitational-wave detectors such as Advanced LIGO or LISA.
I. INTRODUCTION
Black holes (BHs) in Einstein-Maxwell theory are characterized by three parameters [1] : Mass M , electric charge Q and angular momentum J ≡ aM M 2 . BHs are thought to be abundant objects in the Universe [2] . Their mass is estimated to vary between 3M ⊙ and 10 9.5 M ⊙ or higher. They are likely to be electrically neutral because of the effect of surrounding plasma [3] and their angular momentum is expected to be close to the extremal limit because of accretion and merger events [4, 5] . An example of astrophysical BH is the compact primary of the binary X-ray source GRS 1915 + 105, which recent observations identify as a rapidly-rotating object of spin a 0.98 M [6] . Many of the supermassive BHs which are thought to power quasars seem to be rotating near the Kerr bound [7] .
Despite the wealth of circumstantial evidence, there is no definite observational proof of the existence of astrophysical BHs. (A review and a critique of current evidence can be found in Ref. [2] and Ref. [8] , respectively. See also Ref. [9] for a stimulating mini-review.) Astrophysical objects without event horizon, yet observationally indistinguishable from BHs, cannot be excluded a priori.
Nontopological soliton stars. If the self-interaction takes the form U = m 2 |φ| 2 (1 − |φ| 2 /φ 2 0 ) 2 , compact nondispersive solutions with a finite mass may exist even in the absence of gravity [24] . The critical mass of these objects is M max ∼ 0.0198m Boson stars are indistinguishable from BHs in the Newtonian regime. Since they are very compact, deviations in the properties of orbiting objects occur close to the Schwarzschild radius and are not easily detectable electromagnetically [25, 26] . If the scalar field interacts only gravitationally with matter, compact objects may safely inspiral "inside" the boson star, the only difference with a BH being the absence of an event horizon [27] . Lack of strong constraints on boson masses makes these models difficult to rule out.
Gravastars and boson stars provide viable alternatives to astrophysical BHs. To ascertain the true nature of ultra-compact objects it is thus important to devise observational tests to distinguish these ultra-compact objects from ordinary BHs. The traditional way to distinguish a BH from a neutron star is to measure its mass. If the latter is larger than the Chandrasekhar limit, the object is believed to be a BH. However, this method cannot be used for the ultra-compact objects discussed above, because of their broad mass spectrum. A possibility is to look for observables related to the accretion mechanism. For example, the luminosity of quiescent BHs is lower than the maximum luminosity which is allowed by the gas present in their environment [28] . If the BH accretion rate is much smaller than the Eddington rate, the radiative efficiency is also very small [29] . Another possibility is to exploit the absence of a boundary layer at the surface. Compact stars with accretion disks have typically a narrow viscous boundary layer near their surface, which allows the release of a considerable amount of heat energy. On the other hand, if the central object is a BH, no boundary layer is formed. Arguments of this kind have already excluded many gravastar candidates [30] . Absence of type I X-ray bursts is another powerful indicator of the presence of a BH. Several studies on type I bursts show that they are produced when gas accretes on the surface of a NS [31] , which then undergoes a semiregular series of thermonuclear explosions. Since BHs do not have surfaces, the surrounding gas cannot accumulate and thermonuclear instabilities do not develop.
Another very promising observational method to probe the structure of ultra-compact objects is gravitational wave astronomy [32] . could provide an efficient way to study these objects without intervening effects due to the interstellar medium. For example, the inspiral process of two compact objects allows a precise determination of their mass [37] and multipole moments [27, 38, 39, 40] . The gravitational waveform in the presence of a surface is also expected to be different than the waveform in the presence of an event horizon [41] . A first study on the distinctive features of the inspiral signal of boson stars can be found in Ref. [42] . Detection of gravitational resonant modes due to the gravitational potential well could also provide a test for the presence of a horizon [22, 43] . Preliminary studies for gravastars indicate that this method may be very efficient if the source is not too far away and gravitational wave production is significant [13, 22, 44] .
In this paper, we propose a new method for discriminating BHs from ultra-compact horizonless objects and apply it to gravastars and bosons stars. Our method uses the fact that compact rotating objects without event horizon are unstable when an ergoregion is present. The origin of this ergoregion instability can be traced back to superradiant scattering. In a scattering process, superradiance occurs when scattered waves have amplitudes larger than incident waves. This leads to extraction of energy from the scattering body [45, 46, 47] . Instability may arise whenever this process is allowed to repeat itself ad infinitum. This happens, for example, when a BH is surrounded by a "mirror" that scatters the superradiant wave back to the horizon, amplifying it at each scattering. The total extracted energy grows exponentially with time until the radiation pressure destroys the mirror in a process called BH bomb (see Refs. [48, 49] ). If the mirror is inside the ergoregion, superradiance may lead to an inverted BH bomb. Some superradiant waves escape to infinity carrying positive energy, causing the energy inside the ergoregion to decrease and eventually generating an instability. This may occur for any rotating star with an ergoregion: The mirror can be either its surface or, for a star made of matter non-interacting with the wave, its center. BHs are stable, which could be due to the absorption by the event horizon being larger than superradiant amplification.
The ergoregion instability appears in any system with ergoregions and no horizons [50] . (See also Ref. [51] for a exhaustive discussion.) Explicit computations for ordinary rotating stars can be found in Ref. [52, 53] , where typical instability timescales are shown to be larger than the Hubble time. In this case, the ergoregion instability is too weak to produce any effect on the evolution of the star. This conclusion changes drastically for ultracompact stars. For compactness M 0.5R and angular momentum J 0.4M 2 , we find that instability timescales range approximately from 0.1 seconds to 1 week for objects with mass in the range M ∼ 1M ⊙ to 10 6 M ⊙ , further decreasing for larger rotation rates.
Due to the difficulty of handling gravitational perturbations for rotating objects, the calculations below are mostly restricted to scalar perturbations. However, we are able to show that the equation for axial gravitational perturbations of gravastars is identical to the equation for scalar perturbations in the large l = m limit. There are also generic arguments suggesting that the timescale of gravitational perturbations is smaller than the timescale of scalar perturbations for low m. Thus our investigation seems to rule out some of these ultra-compact, rapidly spinning objects as BH candidates. This paper is organized as follows. In Section II we review the main characteristics of the ultra-compact objects discussed above. Our discussion is non-exhaustive and strictly limited to concepts and tools which will be needed in the rest of the paper. Section II A introduces the two gravastar models which will be discussed in the subsequent analysis. Since there are no known solutions describing rotating gravastars, the formalism of Refs. [54, 55] will be used to discuss rotating gravastars. Section II B introduces boson stars [23] . Numerical results for rotating boson stars are taken from Ref. [56] . Section III presents a detailed investigation of the instability of boson stars and gravastars using the WKB approximation. The WKB analysis is then compared with full numerical results obtained by direct integration of the Klein-Gordon equation. Detectability of the ergoregion instability by gravitational-wave detectors is addressed in Sect. IV. Section V contains a brief discussion of the results and concludes the paper.
Geometrized units (G = c = 1) are used throughout the paper, except when numerical results for rotating boson stars from Ref. [56] are discussed (Section II B). In this case, the Newton constant is defined as G = 0.05/(4π).
II. STRUCTURE OF ULTRA-COMPACT ASTROPHYSICAL OBJECTS
This section discusses the main properties of gravastars and boson stars. The derivation of nonrotating solutions is partly based on Refs. [11, 13, 23, 56] .
A. Gravastars
Although exact solutions for spinning gravastars are not known, they can be studied in the limit of slow rotation by perturbing the nonrotating solutions [54] . This procedure was used in Ref. [55] to study the existence of ergoregions for ordinary rotating stars with uniform density. Their analysis is repeated below for gravastars. In the following, we discuss the original thin-shell model by Mazur and Mottola [11] and the anisotropic fluid model by Chirenti and Rezzolla [13, 18] .
Nonrotating thin-shell model
In this model, the spacetime
consists of three regions:
where ρ is the energy density and p is the isotropic pressure of the gravastar. In region I, ρ = 3H 2 0 /8π is constant and the metric is de Sitter:
where C is an integration constant to be determined from matching conditions. In region III the spacetime is described by the Schwarzschild metric,
In region II, the metric is determined by the system of equations,
where w = 8πr 2 p and wf /r 2 = constant. A simple analytical solution can be obtained for a thin shell [11] . In the limit r 1 → r 2 , one obtains
where ǫ is an integration constant. The continuity of the metric coefficients f and B at r 1 and r 2 implies that ǫ, C, M and H 0 are related to r 1 , r 2 , w 1 ≡ w(r 1 ) and w 2 ≡ w(r 2 ) by [13] 
10)
The above relations and Eq. 
Nonrotating gravastars with anisotropic pressure
This model assumes a thick shell with continuous profile of anisotropic pressure to avoid the introduction of an infinitesimally thin shell. The stress-energy tensor is
, where p r and p t are the radial and tangential pressures, respectively. The density function is
The density is related to the total mass M by
The radial pressure p r is chosen as [13] 15) where the parameter α is determined by demanding that the maximum sound speed coincides with the speed of light. (This requirement rules out superluminal behavior and implies α ∼ 2.21.) The metric coefficients are The above equations completely determine the structure of the gravastar. Both the metric and its derivatives are continuous across r 2 and throughout the spacetime. The behaviors of the metric coefficients for a typical gravastar are shown in the bottom panel of Fig. 1 .
Slowly rotating rigid gravastars and ergoregions
There are no known solutions describing rotating gravastars. Thus an analysis of the ergoregion instability for these objects is nontrivial. Fortunately, slowly rotating solutions can be obtained using the formalism developed in Ref. [54] , which we now extend to the case of anisotropic stresses.
A rotation of order Ω gives corrections of order Ω 2 in the diagonal coefficients of the metric (2.1) and introduces a non-diagonal term of order Ω,
where φ is the azimuthal coordinate. The metric coefficient g tφ defines the angular velocity of frame dragging ζ = ζ(r). The full metric is
We consider the anisotropic fluid stress-energy tensor
where
Equation (2.20) describes an anisotropic fluid with radial pressure p r and tangential pressure p t , rotating with angular velocity Ω as measured by an observer at rest in the (t , r , θ , φ) coordinates. If the gravastar rotates rigidly, i.e. Ω = constant, the Einstein equations at order ζ give
An equation for ζ(r) is obtained by considering 
where j ≡ (f B) −1/2 is evaluated at zeroth order and ρ, p t are given in terms of the nonrotating geometry by Eq. (2.21) and Eq. (2.23), respectively. The above equation reduces to the corresponding equation in Ref. [54] for isotropic fluids. Solutions of Eq. (2.25) describe rotating gravastars to first order in Ω.
Spinning gravastars may possess ergoregions. A simple but general procedure to determine their presence for slowly rotating stars is described in Ref. [55] . This method requires only a knowledge of the metric of nonrotating objects and compares favorably with more sophisticated numerical analyses [57] .
The ergoregion can be found by computing the surface on which g tt vanishes [55] :
Equation (2.26) is expected to be a good approximation to the location of the ergoregion specially for very compact stars [55] . The solution of Eq. (2.26) is topologically a torus. In the equatorial plane we have
The existence and the boundaries of the ergoregions can be computed from the above equations. Equation (2.25) is integrated from the origin with initial conditions (Ω − ζ) ′ = 0 and (Ω − ζ) finite. Changing the value of (Ω − ζ), the whole space of slowly rotating gravastars can be obtained. The exterior solution satisfies Ω − ζ = Ω(1 − 2I/r 3 ), where I is the moment of inertia of the star. Demanding the continuity of both (Ω − ζ) ′ and (Ω − ζ), ζ and I are uniquely determined. The rotation parameter Ω depends on the initial condition at the origin. Size of the ergoregion for three different gravastars in the thin-shell limit. The vertical axis gives the angular momentum of the gravastar in units of its total mass. The horizontal axis gives the locations of the ergoregion boundaries in units of the gravastar radius r2. Each curve refers to a different gravastar. The minima of the curves determine the existence and extent of ergoregions. The size of an ergoregion can be found by drawing a horizontal line at a given value of J/M 2 ; its intersections with the curves give the radii of the ergoregion boundaries. From top to bottom the three curves refer to r2 = 1.3, r1 = 1, w1 = 50 and w2 = 1, corresponding to M ∼ 0.39 r2; r2 = 1.2, r1 = 1, w1 = 150 and w2 = 1, corresponding to M ∼ 0.44 r2; r2 = 1.05, r1 = 1, w1 = 350 and w2 = 1, corresponding to M ∼ 0.49 r2. Bottom panel: J/M 2 and angular frequency Ω for the anisotropic pressure model with r2 = 2.2, r1 = 1.8 and M = 1. The angular frequency is always very small, thus the slow-rotation formalism applies. These results extend up to the Keplerian frequency ΩK . Figure 2 shows the results for three different gravastars described in the previous sections. The minima of the curves are the minimum values of J/M 2 which are required for the existence of the ergoregion. Comparison with the results for stars of uniform density [55] , shows that ergoregions form more easily around gravastars due to their higher compactness. Figure 2 also shows that the ergoregions spread inside the gravastar. (The ergoregion can be located by drawing an horizontal line at the desired value of J/M 2 , as explained in the caption.) Gravastars spinning above a given threshold are not stable against mass shedding [58] . Instability arises when the centrifugal force is strong enough to disrupt the star. In Newtonian gravity, the equatorial mass shedding frequency is approximately the Keplerian frequency
Although corrections to the Keplerian frequency are expected in a general relativistic framework, Ω K provides a good estimator for the validity of the slow-rotation approximation. (See Ref. [59] for a comparison of the slow-rotation regime vs. full numerical results.) In the following, the slow-rotation approximation will be considered valid for Ω/Ω K < 1. Numerical results extend up to Ω ∼ Ω K .
B. Boson stars
A well-known example of nonrotating boson star is the model by Colpi, Shapiro and Wasserman (CSW) [23] . A variation of the CSW model which allows for rotating solutions is the Kleihaus, Kunz, List and Schaffer (KKLS) model [56] . The KKLS solution is based on the self-interacting complex scalar field Φ with Lagrangian density
where U (|Φ|) = λ|Φ| 2 (|Φ| 4 − a|Φ| 2 + b). The mass of the boson is given by m B = √ λb. The equations for the boson star structure can be solved by setting
and Φ = φ e iωst+inϕ , where the metric components and the real function φ depend only on r and θ. The requirement that Φ is single-valued implies n = 0, ±1, ±2, . . . . The solution has spherical symmetry for n = 0 and axial symmetry otherwise. The mass M and the angular momentum J can be read off from the asymptotic expansion of f and ζ,
respectively. Since the Lagrangian density is invariant under a global U (1) transformation, the current
It can be shown that the angular momentum J and the scalar charge Q of stationary solutions, i.e., solutions with a timelike and rotational Killing vector, are related by the quantization condition J = nQ [60] . This may erroneously lead to the conclusion that boson stars are gravitationally stable because a continuous extraction of angular momentum is needed to trigger instability. However, the above quantization condition applies for objects for which such Killing vectors can be defined and we will assume that this condition is broken in the presence of perturbations. In this case, an arbitrary amount of angular momentum can be extracted and it will be shown below that gravitational-wave emission leads to an instability on very short timescales.
The numerical procedure to extract the metric and the scalar field is described in Ref. [56] . Throughout the paper we will consider solutions with n = 2, b = 1.1, λ = 1.0, a = 2.0 and different values of (J , M ) = (3781, 1296), (3400, 1081), (2800, 906), corresponding to J/(GM 2 ) ∼ 0.566, 0.731 and 0.858, respectively. The n = 1 solutions in Ref. [56] exhibit similar features. The two top panels of Fig. 3 show the metric functions for boson stars with J/(GM 2 ) ∼ 0.566 and 0.858 along the equatorial plane. The change in the metric potentials from θ = π/2 to θ = π/4 for these solutions is plotted in the bottom panels of Fig. 3 . The metric functions do not depend significantly on the longitudinal angle. Figure 4 gives g tt as a function of distance for the case with J/(GM 2 ) ∼ 0.566 at the equator. The behavior of g tt demonstates that boson stars develop ergoregions deeply inside the star. For this particular choice of parameters, the ergoregion extends from r/(GM ) ∼ 0.0471 to 0.770. A more complete discussion on the ergoregions of rotating boson stars can be found in Ref. [56] .
III. ERGOREGION INSTABILITY FOR ROTATING STARS
The stability of ultra-compact objects can be studied perturbatively by considering small deviations around equilibrium. As explained in the introduction, we consider only scalar perturbations. This is justified as follows. Axial gravitational perturbations are described in the large l = m limit by the same equation of scalar perturbations. In this regime, our results describe both kinds of perturbations. In the small l = m limit, gravitational perturbations are expected to have shorter growth times than scalar perturbations: black holes are characterized by a superradiant amplification of spin-2 fields which is much stronger than the superradiant amplification of other fields. This is due to the potential barrier outside the horizon having different behavior for different spin-field s. Since the ultra-compact objects we are dealing with are also characterized by a relativistic potential barrier, gravitational perturbations are expected to couple more strongly to the ergoregion and have smaller instability timescales. This conclusion is also verified under certain simplifying assumptions in Ref. [61] . Thus, scalar perturbations should provide a lower bound on the strength of the instability.
A. Axial gravitational perturbations for perfect fluid stars
In the large l = m regime, axial gravitational perturbations [61, 62] are described by a simple equation. In general, axial and polar perturbations are coupled when rotation is included [63] . For simplicity, we will assume that the zeroth-order polar perturbations vanish and there is no coupling. The full metric is a perturbation of Eq. (2.19) [63] :
where ds 2 0 is the unperturbed metric (2.19) and Y lm are scalar spherical harmonics. The quantities
2) satisfy the system of equations (see Eqs. (13)- (16) in Ref [62] )
3)
4) where K 3 and K 6 are two extrinsic curvature variables and
Here and throughout this paper, it is understood that ω ≡ ω lm . In the large l = m limit, Eqs. (3.3) and (3.4) reduce to 
This equation also describes the scalar perturbations of gravastars, as it will be shown below.
B. Scalar field instability for slowly rotating gravastars: WKB approach
Consider now a minimally coupled scalar field in the background of a gravastar. The metric of gravastars is given by Eq. (2.19). In the large l = m limit, which is appropriate for a WKB analysis [52, 64] , the scalar field can be expanded as
(3.10) The functionsχ lm are determined by the Klein-Gordon equation, which yields
where Σ is defined as below Eq. (3.8) and
12)
Equation (3.11) follows from Eq. (3.10) when terms of order O 1/m 2 are dropped. Equation (3.11) can be shown to be identical to Eq. (3.9) for the axial gravitational perturbations of perfect fluid stars. Therefore, the following results apply to both kinds of perturbations.
The eigenfrequencies of Eq. (3.11) can be computed in the WKB approach following Ref. [52] . This method is in excellent agreement with full numerical results [53, 64] . The quasi-bound unstable modes are determined by The results of the WKB computation are shown in Fig. 6 and Tables I-III. Figure 6 displays the results for the least compact thin-shell gravastar of Sect. II A with m = 1, 4. Although the WKB approximation breaks down at low m values, these results still provide reliable estimates [52] . This claim will be verified in Sect. III B 1 with a full numerical integration of the Klein-Gordon equation. Table I Both models have similar low-m behaviors. It will be shown in Sect. III B 1 that the WKB results for the instability timescale differ from the numerical results by about one order of magnitude at low m. On the contrary, the resonant frequencies match well the WKB results even for low-m modes. Calculations show that the resonant frequency is Re(ω) ∼ αΩ, where α ∼ 1.1 -1.2.
The maximum growth time of the instability is of the order of a few thousand M , at least for large J. This instability is crucial for the star evolution. Comparison of Table V with Tables 1 and 2 of Ref. [52] shows that the ergoregion instability of gravastars is stronger than the ergoregion instability of uniform density stars by many orders of magnitude. This seems to be a general feature of all ultra-compact objects discussed here. Gravitational perturbations are expected to be even more unstable.
Comparison with numerical results
Accurate computations of the instability require numerical solutions of the Klein-Gordon equation. However, the WKB approximation provides reliable estimates of the numerical results. The exact potential T of Eq. (3.13) is
The results of the numerical integration for the anisotropic pressure gravastar with r 2 = 2.2, r 1 = 1.8, M = 1 and J/M 2 = 1 are shown in Table IV . The WKB approximation for the real part of the frequency shows a remarkably good agreement with the numerical results even at low values of m. For any m > 1 this agreement is better than 5%. The instability timescale seems to be more sensitive to the details of the WKB integration, with a level of agreement similar to that reported in Ref. [53] . The above results show that the WKB approximation correctly estimates the instability timescale for all values of m within an order of magnitude.
C. Scalar field instability for rotating boson stars: WKB approach
Consider a scalar field Ψ minimally coupled to the rotating boson star geometry (not to be confused with the scalar field which makes up the star). Since the metric coefficients depend on r and θ, the Klein-Gordon equation cannot be reduced, in general, to a one-dimensional problem. Separation of variables can be achieved by requiring g = 1, f = f (r, π/2), k = k(r, π/2) and ζ = ζ(r, π/2). These assumptions are justified as follows. Firstly, the metric function g is very close to unity throughout the entire coordinate region, as can be seen in Figure 3 . Since the Klein-Gordon equation does not depend on the derivatives of g, it seems safe to set g = 1 in the whole domain. Secondly, the angular dependence of the metric coefficients is negligible for slow rotations. The largest variation for one revolution around the star is that of f , which is less than 100% for most cases (see Fig. 3 ). Moreover, this dependence is extremely weak for most of the values of r. Thirdly, perturbations are localized around the equator in the large l = m behavior. Therefore, evaluating the metric coefficients at the equator may provide a reasonable approximation to the problem. The results obtained in this section are expected to give an order of magnitude estimate for the instability. In the large l = m limit,Ψ lm is determined bȳ 20) where 22) and terms of order O 1/m 2 have been neglected. The potentials V ± are plotted in Fig. 7 for the rotating boson star with J/(GM 2 ) = 0.566. The results of the WKB computation are summarized in Table V for m = 1 , 2 , . . . 5. An interesting feature is that the instabil- The maximum growth time for this boson star model is of the order of 10 6 M for J GM 2 = 0.857658. This is a relatively short instability timescale, corresponding to about one second for a one solar mass boson star.
IV. DETECTABILITY BY EARTH-AND SPACE-BASED GRAVITATIONAL WAVE DETECTORS
The ergoregion instability may be of interest for gravitational wave astronomy. Contrary to the r-mode instability of neutron stars [65, 67] , the ergoregion instability is not limited to solar mass objects. Thus chances of detection are larger because the signal can fall in frequency bands where the detectors are more sensitive.
A. Signal-to-noise ratio Detectability depends only on the energy released and the detector frequency bandwidth. The sky-averaged signal-to-noise ratio (SNR) is [68] 
where D is the distance to the source and S h (f ) is the noise power spectral density of the detector. Using dE = 2πf dJ/m, the SNR for the l = m = 2 mode, i.e. the mode for which the instability is expected to be stronger, is
Equation (4.2) agrees with results in the literature [65, 66, 67] and is independent of the perturbation amplitude at lowest order. Higher-order corrections, however, would contain a dependence of the SNR ratio on the amplitude evolution. Fitting the resonant frequencies to
one finds α ∼ 1.1−1.2. From Eq. (4.3) it follows dJ/df ≈ 2πI/α. Assuming the moment of inertia I ∼ 2βM 3 to be roughly independent of the angular velocity [65] (computations show that β ∼ 1 for gravastars to a very good approximation) Eq. (4.2) can be rewritten as [65, 66, 67] 
The minimum and maximum frequencies in the above integral are chosen as f min = 0.9f max (we here implicitly assume that the amplitude of the perturbation is sufficiently large so that f min is reached within the typical operation time of a detector such as LIGO or LISA, ie ∼ 1 year). This is a conservative estimate based on a simple model for the evolution of the system. SNRs for objects at 20Mpc distance for LIGO/Advanced LIGO and LISA are shown in Table VI for ΩM = 0.2. Solar-mass objects are difficult to detect, although LIGO (Advanced LIGO) could be able to detect objects with M 30M ⊙ (M 10M ⊙ ). SNRs of several thousands are easily achieved for supermassive objects. These objects could be easily observed by LISA.
B. Waveforms
The expression for the SNR derived above is the optimal SNR. Search and detection techniques, i.e. matched filtering, usually require accurate theoretical templates. The derivation of accurate waveforms for the ergoregion instability is beyond the purpose of this paper. The physics involved is too complex and even the evolution of the instability itself is at present not known. The sole purpose of this section is to sketch the evolution of the most important quantities of the process.
The instability proceeds in two steps: A phase characterized by an exponential growth, where the linear approximation is valid, followed by a nonlinear phase. Contrary to the r-mode instability, the ergoregion instability does not couple strongly to the fluid composing the object. Therefore, the nonlinear phase is expected to be somewhat different from the r-mode saturation phase [65, 67] .
As an illustration of waveform estimation, consider the instability triggered by a particle in circular orbit around the compact object. Focusing on the l = 2 mode, the metric perturbations in the linear perturbation regime have the form 6) where D is the distance to the source, h 0 << 1 and
The above waveforms mimic the Newtonian waveform produced by a small mass in circular orbit around the ultra-compact object. The linear perturbation regime corresponds to h +,× < 1. The exact functional form of the waveform (4.7) is required to determine polarization and phase content of the waveform, but not the evolution of its amplitude. From the discussion in the previous sections, the frequency of the wave is ω ∼ Ω(t). The timescale is τ ∼ τ 0 (M Ω) −6 , where a dominant w-mode instability is assumed [61] . The mass can be determined as follows. The energy carried by the gravitational wave is [69] The mass and the angular velocity can be obtained by solving the previous equations with the condition dE/dt = −dM/dt. A typical solution is shown in Figure  8 .
V. DISCUSSION
The above results show that ultra-compact objects with high redshift at their surface are unstable when rapidly spinning. This strengthens the role of BHs as candidates for astrophysical observations of rapidly spinning compact objects.
Boson stars and gravastars easily develop ergoregion instabilities. Analytical and numerical results indicate that these objects are unstable against scalar field perturbations. Their instability timescale is many orders of magnitude stronger than the instability timescale for ordinary stars with uniform density [52] . In the large l = m approximation, suitable for a WKB treatment, gravitational and scalar perturbations have similar instability timescales. In the low-m regime gravitational perturbations are expected to have shorter instability timescales than scalar perturbations.
For J > 0.4M 2 instability timescales can be as low as a few tenths of a second for solar mass objects and about a week for supermassive BHs, monotonically decreasing for larger rotations. Therefore, high rotation is an indirect evidence for horizons. The spin of an astrophysical compact object can be estimated by looking at the gas accreting near its surface [2, 70, 71] . A handful of fast-spinning BH-like objects have been reported [6, 7] . The results of this paper suggest that these objects must indeed be BHs.
The ergoregion instability evolution is characterized by very distinct waveforms. If compact astrophysical objects evolve through the ergoregion instability, gravitationalwave detectors could easily identify them with a matchedfiltering search.
It would be interesting to repeat the above analysis for other ultra-compact objects, such as wormholes [72, 73, 74, 75] , superspinars [76] and quark or fermionboson stars [77] . The general arguments presented above suggest that these objects should be unstable. It would also be interesting to perform a more detailed analysis of the gravitational sector of the ergoregion instability and derive more refined templates for matched-filtering searches. A first step in this direction would be to compute axial perturbations for any value of the azimuthal number m along the lines of previous works [61] .
